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ABSTRACT 
 
Tropical cyclones (TCs) actively contribute to Earth's climate, but TC-climate interactions are 
largely unexplored in fully-coupled models.  Here we analyze the upper-ocean response to TCs 
using a high resolution Earth system model, in which a 0.5° atmosphere is coupled to an ocean 
with two different horizontal resolutions: 1° and 0.1°. The model produces realistic TCs up to 
category 3 in both versions of the model, and, in the northwestern Pacific region, the transient 
surface ocean temperature response is consistent with observations.  We estimate the model’s 
flux-adjusted TC-induced ocean heat convergence in the northwestern Pacific is ~0.26 PW and 
~0.30 PW for the low and high resolution configurations, respectively, which is within the range 
of previous observation-based estimates.  Results point to the importance of coupled modeling 
approaches that account for ocean-atmosphere feedbacks, in order to develop a complete 
understanding of the relationship between TCs and climate.  
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1. INTRODUCTION 	  
Tropical cyclones (TCs) are extreme weather events that result in major coastal damages and 
negative social and economic impacts. Understanding how TC activity may be changing with 
global warming is of profound importance for constructing future mitigation and adaptation 
strategies [Mendelsohn et al., 2012]. However, the response of TCs to climate change is 
uncertain [Knutson et al., 2010; Villarini and Vecchi, 2012], and increasing evidence suggests 
TCs play an active role in influencing the dynamics of the coupled ocean-atmosphere system 
[Emanuel, 2001; Hart, 2011; Sriver and Huber, 2007; Sriver et al., 2008, 2010]. Several recent 
studies have shown that enhanced upper ocean mixing, associated with extreme TC winds, could 
lead to positive ocean heat convergence (OHC) [Emanuel, 2001; Jansen et al., 2010; Mei et al., 
2013; Park et al., 2011; Sriver, 2013; Sriver and Huber, 2007; Sriver et al., 2010], which may 
potentially alter large-scale circulations and transports of the ocean-atmosphere system [Boos et 
al., 2004; Emanuel, 2001; Hu and Meehl, 2009; Jansen and Ferrari, 2009; Pasquero and 
Emanuel, 2008; Sriver and Huber, 2010].  These TC processes and feedbacks are not generally 
captured in current numerical models used for climate projections, but their representation may 
be necessary to reduce uncertainty about possible changes in future impacts. 
 
Numerical models are useful tools to explore the relationship between TCs and climate.  Many 
uncoupled atmosphere and ocean modeling experiments have pointed to important climate 
connections associated with TCs. For example, high resolution atmosphere models forced by 
prescribed sea surface temperatures have demonstrated considerable skill in simulating realistic 
TC-like circulations and climatologies, and they have been used to explore changes of TC 
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activity under prescribed climate changes. [Bacmeister et al., 2013; Camargo et al., 2005; 
Shaevitz et al.; Wehner et al., 2010]. In addition, ocean-only models have been used extensively 
to analyze the oceanic response to TC forcing, from inter-seasonal to inter-decadal and multi-
century time scales [Bueti et al., 2014; Jullien et al., 2012; Pasquero and Emanuel, 2008; Sriver 
and Huber, 2010; Vincent et al., 2012a, 2012b], including TC influences on ocean heat 
convergence, mixing budgets, and large-scale ocean heat transport and circulations [Bueti et al., 
2014; Jansen and Ferrari, 2009; Jullien et al., 2012; Sriver and Huber, 2010; Sriver et al., 2010; 
Vincent et al., 2013; Wang et al., 2014].    However, potential TC-climate connections through 
ocean-atmosphere feedbacks are largely unexplored using high-resolution coupled Earth system 
models. 
 
Ocean-atmosphere coupling is important for quantifying surface fluxes of heat and momentum 
within storm-affected regions, as well as potential remote impacts associated with altered 
dynamics [Bender and Ginis, 2000; Jullien et al., 2014; Pasquero and Emanuel, 2008; 
Scoccimarro et al., 2011]. Several recent modeling studies have shown that coupled climate 
models are capable of simulating present day TC statistics, including geographical distribution, 
frequency and interannual variability [Bell et al., 2013; Gualdi et al., 2008; Kim et al., 2014; 
Rathmann et al., 2014].  However, such models typically exhibit biases across different basins 
due to their generally coarse model resolution, relatively short simulation time, and uncertainties 
related to integrated model responses and interactions. In addition, coupled climate models have 
also been used to explore potential TC connections to large-scale climate features. For example, 
Hu and Meehl [2008] use a relatively coarse resolution (~2.8° atmosphere ~1° ocean) 
Community Climate System Model (CCSM) version 3, to explore the effect of TCs on the 
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Meridional Overturning Circulation (MOC) and Ocean Heat Transport, finding that the influence 
of TC-induced mixing on ocean transports is partially modulated by enhanced precipitation. Also 
using low resolution CCSM3, Manucharyan et al. [2011] also used CCSM3 to analyze how 
imposed intermittent vertical ocean mixing associated with TC events may affect large-scale 
ocean temperature structure and circulation patterns. They found that the additional TC-like 
mixing leads to both enhanced poleward ocean heat transport and tropical equatorial heat 
convergence. Scocccimano et al. [2011] investigated the North Hemisphere OHT induced by 
model-generated TCs on both transient and long-term time scales with a model resolution of 
0.75° for atmosphere and 2° for ocean, concluding that TCs could largely enhance the ocean heat 
transport on weekly time scales, but the effect is negligible when considering annually averaged 
ocean heat transport.  
While previous studies have provided fundamental insight to the potential relationship between 
TCs and climate, they are generally limited by the lack of appropriate ocean-atmosphere 
coupling and relatively coarse grid resolution. Increasing atmosphere model grid resolution can 
significantly improve the representation of simulated TCs [Bacmeister et al., 2013; Li et al., 
2013; Manganello et al., 2012; Murakami and Sugi, 2010; Strachan et al., 2012; Walsh et al., 
2013; Wehner et al., 2010], however, the sensitivity of the climate response to ocean grid 
resolution has not been addressed within coupled model frameworks.  Here we analyze the upper 
ocean response to TCs using a high-resolution configuration of the Community Climate System 
Model version 3.5 [Kirtman et al., 2012], which features a 0.5° atmosphere model coupled to a 
1° and 0.1° ocean component model.  We focus primarily on TC activity in the northwestern 
Pacific, and we examine the TC climatology, transient ocean response to TC passage, and the 
basin-scale aggregated effects on ocean heat convergence and surface heat fluxes.  A central 
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focus of this paper is to analyze the potential sensitivity of the coupled modeled response to 
increasing ocean grid resolution toward scales capable of resolving mesoscale ocean eddies.   
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2. DATA AND METHODS 	  
  2.1 Model description 	  
We analyze model output from a set of century-scale pre-industrial control simulations using 
high-resolution configurations of the Community Climate System Model version 3.5 (CCSM3.5) 
[Gent et al., 2010; Kirtman et al., 2012; McClean et al., 2011]. CCSM3.5 is a pre-release version 
of CCSM4 and includes the Community Atmospheric Model (CAM) version 3.5 [Gent et al., 
2010; Neale et al., 2008] coupled to the Parallel Ocean Program (POP) version 2 [Danabasoglu 
et al., 2012; Gent et al., 2010]. The modeling experiment consists of two simulations in which 
the 0.5° atmosphere component model is coupled to two different versions of the ocean model. 
The low-resolution control simulation (LRC) features ocean and sea-ice components with a 
nominal 1° horizontal resolution, with constant grid spacing in the zonal direction (1.2°) and 
varying grid spacing in the meridional direction (0.27° at the equator to 0.54° in the mid-
latitudes).  The high-resolution control simulation (HRC) features ocean and sea-ice components 
with a uniform 0.1° horizontal grid spacing at the equator, and reducing to ~2.5 km at high 
latitudes, in which mesoscale ocean eddies are explicitly resolved. Both ocean model versions 
have 42 vertical levels with thickness varying from 10 m at the surface to 250 m at 6000 m level. 
Kirtman et al. [2012] find that resolved small scale features alter large scale climate conditions in 
the model, such as global mean temperature, general circulation patterns, Arctic sea ice losses, 
rainfall structure, ocean stratification, climate variability and air-sea interactions.  The 
simulations include over 100 years of monthly output, but only a subset of years feature daily 
output suitable for analyzing TCs.  Thus, here we focus our analysis on 20 years of output from 
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the LRC and HRC run, for which we have the following daily variables: surface wind stress, 
surface temperature, surface latent and sensible heat fluxes, and precipitation rate. We use the 
surface wind stress to back out 10-meter wind speed according to the model’s bulk forcing 
relationships [Large and Yeager, 2004] 
 
 
2.2 Detection Algorithm and Tracking scheme  	  
We developed an algorithm to identify TC-like circulations in the model.   The algorithm is 
adapted from previous studies analyzing TCs in atmosphere-only simulations [Camargo and 
Zebiak, 2002; Li et al., 2013; Walsh et al., 2007; Zhao et al., 2009], based on the availability of 
daily variables outlined in section 2.1.  We identify a TC-like circulation within the model using 
the following criteria: (1) cyclogenesis occurs within 30° of the equator; (2) the maximum 
surface wind stress curl exceeds 2 ⋅10−6  𝑁 ∙𝑚!!, and maximum 10m wind speed exceeds 17 
m ⋅ s−1  corresponding to the minimum wind speed for a tropical storm; (3) the horizontal scale is 
larger than 200 km; (4) the storm center must not be stationary for more than 24 hours; and (5) 
the event must last for at least 3 days.  Criteria (3) and (4) are important constraints to filter 
standing ocean eddies, since we are using surface wind stress as the basis for constructing TC 
surface wind fields. Several of our criteria are consistent with previous TC detection methods 
[Camargo and Zebiak, 2002; Zhao et al., 2009], however, some differences are necessary given 
the limited number of variables available from the model output.  For example, maximum 
surface wind stress curl is used to identify and locate the TC storm center, rather than 850 hPa 
vorticity and minimum sea level pressure.  In addition, the cyclone core structure is not 
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considered here. We have performed multiple sensitivity tests to optimize the detection/tracking 
algorithm and calibrate the threshold values for each variable.  Results are visually inspected to 
ensure the characteristics of the identified circulations are consistent with TC events (Figure 1).  
Additional information about the algorithm is included in the supplementary material.  
 
 
2.3 Observational Data 	  
We use optimally interpolated sea Surface Temperature (OI SST) data products to evaluate near-
surface ocean model responses. The OI SST is a hybrid product of the Tropical Rainfall 
Measuring Mission’s (TRMM) Microwave Imager (TMI) and the Advanced Microwave 
Scanning Radiometer (AMSRE), which provides complete daily SST at 0.25° horizontal 
resolution from 2002 to present [Gentemann, 2003, 2004; Gentemann et al., 2010].  We analyze 
all TCs globally between 2003 and 2012 as defined by the best track data set, which combines 
track information from NOAA’s Storm Prediction Center and the U.S. Navy’s Joint Typhoon 
Warning Center. The best track product categorizes TC tracks within five different regions: 
North Atlantic, East Pacific, West Pacific, Indian Ocean, and Southern Hemisphere. We analyze 
sub-surface ocean properties using potential temperature and mixed layer depths from the 
European Center for Medium-Range Weather Forecast Ocean Reanalysis System 4 (ECMRWF 
ORAS4), which provides monthly ocean state information between 1957 and present.   
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2.4 Calculation of TC-induced ocean heat convergence (OHC) 	  
The TC-induced, vertically integrated OHC is estimated following previous methods [Emanuel, 
2001; Sriver and Huber, 2007; Sriver et al., 2008]:  𝑂𝐻𝐶 =    𝐹𝜌𝐶∆𝑇𝑑ℎ𝑑𝑊𝑑𝐿                                                      (1) 
where F is the fraction of heat transported downward through the base of the oceanic mixed layer 
through entrainment, 𝜌 is the density of seawater, C is the heat capacity of seawater, ∆𝑇 is the 
magnitude of surface temperature anomaly, dh is the depth of temperature anomaly, and dW and 
dL are the cross-track and along-track length of the storm wake. Seawater density 𝜌 and heat 
capacity C are held constant at 1020 kg /m2  and 3900 J/(kg ⋅°C) , respectively. We employ a 
footprint method that samples surface properties within a 6° x 6° domain (dW and dL), which is 
centered on the best track location and moves with the storm. At each storm location, 
temperature anomalies are calculated using SST from 3 days after storm passage relative to the 
average SST between 12 and 5 days prior to the storm.  Sensitivity analyses were performed to 
optimize the size of the footprint domain and time interval for calculating the anomalies, in order 
to isolate the transient storm signature.  The results presented here are generally insensitive to the 
choice of spatial and temporal sampling scales, particularly for the comparison between model 
simulations with varying ocean grid resolution.   
 
We use three different strategies for estimating TC-induced mixing depths. We apply these 
methods to both the model and observational analyses.  First, we assume a uniform and constant 
mixing depth of 50m, consistent with past case study analysis [D’Asaro et al., 2007] and 
methods used in previous observation-based studies [Sriver and Huber, 2007].  For the second 
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method, we assume that vertical mixing for all storms penetrates to levels corresponding to the 
monthly climatological mixed layer depth at each grid point.  In the third method, we combine 
the TC-induced SST anomalies with monthly climatological vertical ocean temperature profiles 
to estimate mixing depth as the level from which water must be upwelled to achieve the observed 
surface temperature anomaly [Sriver et al., 2008].  In this method, mixing depth L is calculated 
as L = ΔT ⋅∂z /∂T , where ∆𝑇 is the TC-induced SST anomaly and ∂z /∂T  is the vertical 
temperature gradient obtained from the monthly climatological ocean temperature at each 
location. Ocean heat convergence on each grid point is then calculated individually before being 
integrated across the footprint domain, to account for the nonuniform cooling anomaly within the 
domain.  
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3. MODEL RESULTS AND DISCUSSION 	  
The modeled TC tracks accumulated over all analysis years are shown in Figure 2.  Both the 
LRC and HRC simulations generally capture the spatial distribution of storms from a global 
perspective. However, the model exhibits several key limitations.  We find that the number of 
TCs in the north Atlantic and east Pacific basins are too low compared to observed climatology.  
The north Atlantic bias may be due to the model’s inability to simulate realistic African Easterly 
waves, which is a common feature within other atmosphere models at similar resolutions 
[Camargo, 2013].  The model also simulates storms in the South Atlantic basin, which are rarely 
observed in nature.  In addition, the model does not capture storm intensities greater than 
category 3, and the total number of storms globally is roughly 50 % of the observed current-day 
climatology (see table 2 of the supplementary material). The biases in number and intensity are 
likely linked to the relatively coarse (0.5°) atmosphere component resolution [Li et al., 2013].  
These biases are common for other global atmosphere models with similar resolutions [Shaevitz 
et al.; Strachan et al., 2012; Zhao et al., 2009]. Recent findings using newer versions of CAM 
with higher horizontal grid resolution (0.25°) show significant improvements in the total number 
and distribution of TC events, although biases still exist in the storm intensity and spatial 
distribution [Bacmeister et al., 2013] .  Despite these biases, the model captures the observed 
seasonal variability in several key basins (figure 2), including the northwestern Pacific region, 
which is where we focus our analysis.     
 
The annual average of the accumulated TC-induced temperature anomalies for each simulation is 
shown in Figure 3c and 3d. Both model versions exhibit spatial patterns of cooling that are 
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consistent with previous observation-based analyses [Sriver and Huber, 2007; Sriver et al., 
2008].  The magnitude of the accumulated TC-induced surface cooling in the model is too low 
compared to observations, which is due primarily to the model’s under-representation of the TC 
number and intensity.   However, the modeled response is generally consistent between the LRC 
and HRC runs, and the biases are minimal in the northwestern Pacific region. 
 
In order to diagnose the transient response of upper ocean temperature to TC passage, we 
analyze time series composites of the area-averaged SST anomalies for the LRC and HRC 
simulations (Figure 4).  The anomalies are referenced to the 20-year daily climatology for each 
grid point, to remove seasonal effects.  We test the sensitivity of the SST response to the 
averaging domain size using multiple footprints (2° x 2°, 6° x 6°, and 10° x 10°).  The modeled 
SST temporal responses are compared with observations for each footprint size, in which we 
only consider storms up to category 3 in order to maintain direct comparison with the modeled 
ocean response given the inability of the model to simulate high intensity storms.  In both model 
simulations and observations, SST begins to decrease 2-3 days prior to the storm arrival, and it 
reaches a minimum 2 days following passage of the storm center.  The observational analysis 
indicates the pre-storm SST is typically warmer than the daily climatological values, but this 
relationship is not reflected in the coupled model simulations.  The time scales of SST restoration 
to climatologically normal conditions are consistent with previous studies [Dare and McBride, 
2011; Lloyd and Vecchi, 2011; Mei and Pasquero, 2012] across all footprint sizes.  As described 
in the methods section, we use the 6°x 6° footprint domain size based on results from past 
observational analysis of spatial cooling structure [Mei and Pasquero, 2012], and it is consistent 
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with area sizes used in other studies [Hart et al., 2007; Lloyd and Vecchi, 2011; Sriver and 
Huber, 2007; Sriver et al., 2008]. 
 
Figure 4 also shows that the magnitude of the cooling for both model simulations is similar and 
larger than observations.  This model bias is likely caused by the overestimation of modeled 
wind stress due to misrepresentation of the frictional drag parameterization at high wind speeds.  
The linear relationship between the surface drag coefficient and near-surface wind speeds used in 
the ocean component model [Large and Yeager, 2004] tends to overestimate the surface wind 
stress in high wind regimes [Black et al., 2007; Bueti et al., 2014; Moon et al., 2007; Powell et 
al., 2003]. The high wind stress can potentially cause anomalously large vertical mixing of the 
upper ocean, leading to biases in surface cooling and thus influencing the interpretations of the 
model results. For the same reason, the unrealistic surface drag law also affects the estimation of 
TC-induced ocean heat convergence, which will be discussed in the next section. Nevertheless, 
since the two model simulations use the same surface drag coefficient formula and produce 
similar storm intensity distributions, this limitation does not fundamentally affect our main 
results about the ocean’s response to extreme surface wind forcing or the model sensitivity to 
ocean grid resolution. 
 
We estimate the modeled basin-scale TC-induced OHC using different strategies accounting for 
mixing depth (discussed in section 2).  The results are summarized in Figure 5.  Because the 
model underestimates the total number and intensity of storms in the northwester Pacific, we 
apply scaling arguments between integrated intensity (power dissipation index — PDI) and TC-
induced OHC to produce basin-scale estimates. PDI, defined as PDI = Vm
3 dt∫ , has been shown 
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to be a good approximation of integrated TC intensity [Emanuel, 2005; Sriver and Huber, 2006].  
Past observational analysis indicates that per-storm PDI correlates with TC intensity and OHC 
[Sriver et al., 2008]. Here we scale the modeled OHC with PDI using the relationship 
PDI(≤ cat3) / PDI(total) =OHC(≤ cat3) /OHC(total)  to estimate the modeled total OHC in the 
northwestern Pacific basin. We find that modeled per-storm PDI in both the LRC and HRC runs 
are consistent with observed storms up to category 3, reflecting the model’s capabilities in 
simulating TCs with realistic storm characteristics below category 4 in the northwestern Pacific 
basin. However, the basin-scale PDI for the northwestern Pacific basin is considerably lower in 
the model (1.27  ∙ 10!!  𝑚!𝑠!! in LRC and 1.53 ∙ 10!!  𝑚!𝑠!! in HRC) compared to observations 
(2.58  ∙ 10!!  𝑚!𝑠!!), using observed storms up to category 3.  The discrepancy is due to the 
model’s underestimation of the total number of storms (only simulating about ~50% of the total 
number of storms up to category 3).  Detailed information about the PDI values and scaling 
ratios can be found in supplementary material. 
 
The scaled OHC estimates are shown in Figure 5b for different strategies to account for mixing 
depth. OHC estimates are similar between the two model simulations for each mixing depth 
calculation and generally overestimate the effect compared to observational estimates. OHC 
estimates are sensitive to the choice of mixing depth strategy, although the average mixing 
depths are quite similar (Figure 5a).  We find the varying the mixing depths based on the 
climatological vertical ocean temperature gradient, in which the location of the most significant 
surface cooling corresponds to where mixing is the deepest, leads to the largest estimation of TC-
induced OHC, In contrast, defining the mixing length scale based on the depth of the 
climatological mixed layer results in the smallest estimation of TC-induced OHC.  This method 
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likely underestimates the effect of TCs in vertical redistribution of ocean heat, even for relatively 
low intensity storms considered here, because TC-induced mixing typically penetrates to depths 
below the base of the seasonal mixed layer. 
 
In addition to vertical mixing, latent heat flux is another process responsible for ocean surface 
cooling due to TCs [Huang et al., 2009]. We calculate the modeled latent heat flux on a 6° x 6° 
footprint domain on each storm day to constrain the fraction of OHC attributable to vertical 
mixing.  We find that the coupled model simulates latent heat fluxes during TC passage that 
agree with previous observation-based studies [Huang et al., 2009; Price, 1981], representing 
~20% of the total TC-induced OHC (table 3 of the supplementary material). Thus, we adjust the 
OHC estimate by a factor 0.8 (F term in equation (1)) to account for latent heat fluxes.  
 
Using the varying mixing depth strategy, we estimate the TC-induced, PDI scaled, flux-adjusted 
annual northwestern Pacific basin-scale OHC to be 0.82 ∙ 10!!J in LRC and 0.94∙ 10!!J in HRC, 
corresponding to a mean annual rate of 0.26 PW (1 PW=10!" W) and 0.30 PW, respectively. 
The range and the standard deviation of the distribution of annual OHC for the two simulations 
are also comparable (supplementary material).  The flux-adjusted basin-scale OHC from 
observations is 0.52∙ 10!!J, which corresponds to an annual rate of 0.17 PW.  The similarity 
between the model results suggests that the basin-scale ocean response to TCs is relatively 
insensitive to the ocean grid resolutions considered here (1° to 0.1° spacing).  However, the 
model significantly overestimates the observation-based flux-adjusted OHC, though the 
observational estimates are within the range of previous ocean model experiments [Bueti et al., 
2014].  As noted previously, we attribute the overestimation of TC-induced, PDI-scaled OHC in 
	   15	  
the model to an inappropriate surface drag law that overestimates frictional effects at high wind 
speeds.  
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4. CONCLUSIONS 	  
Upper ocean responses to TCs in a fully coupled earth system model with varying ocean 
resolutions are investigated in this paper.  We estimate TC-induced OHC in the northwestern 
Pacific for both model configurations using multiple strategies accounting for uncertainties in 
vertical mixing length scales, and we find the heat convergence estimates are generally 
consistent across methods and insensitive to ocean model resolution.  Using scaling arguments 
between heat convergence and power dissipation, we estimate that the model’s flux-adjusted TC-
induced OHC in the northwestern Pacific basin is within the range of previous observation-based 
estimates, though model results may overestimate TC-induced effects when considering 
compensating biases between the model’s TC climatology (number and intensity) and effects of 
surface drag on mixing.   
Results indicate that the basin-scale integrated TC effects within the coupled model are relatively 
insensitive to the choice of ocean grid resolution, when considering 1° versus 0.1° resolution.  
Thus, relatively low resolution (non-eddy permitting) ocean models may be sufficient to capture 
the basin-scale ocean heat response to TC forcing for the TC regions and intensities considered 
here.  However, the transient intra-seasonal dynamic response to TC forcing likely requires 
higher resolution models (e.g. 0.1°) that are capable of resolving mesoscale ocean currents. 
Given the magnitude of the modeled and observed TC-induced ocean-atmosphere fluxes of heat 
and momentum, and the resulting positive ocean heat convergence, these results point to the 
importance of coupled model approaches to developing a more complete understanding about the 
relationship between TCs and climate.  Coupled modeling initiatives utilizing ultra-high 
resolution modeling frameworks may provide fundamental insight to potential TC-induced 
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dynamical feedbacks that influence large-scale ocean and atmosphere heat budgets and 
circulation patterns.  
 
This study contains several important caveats.  While the model we are using is capable of 
producing Northwest Pacific TCs up to category 3 with realistic seasonal variability, the total 
annual storm number and intensity are underestimated. Furthermore, the model exhibits 
limitations in simulating realistic TC activity globally, which is why we focus the current 
analysis on the northwestern Pacific.  In addition, we find that the parameterization of 
momentum fluxes at the ocean surface used in the model is not suitable for high wind regimes 
associated with TCs.  Given these limitations, comparisons of model results with observational 
analysis require careful interpretation.  However, the model sensitivity analysis is robust, since 
both versions of the model exhibit consistent TC climatologies and use the same surface drag 
parameterizations. 
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FIGURES 	  
 
Figure 1. A. Simulated TC circulation using CCSM3.5 with a 0.5° atmosphere model.  B. The 
corresponding surface temperature anomaly from the 0.1° eddy-resolving ocean component.  The 
temperature anomaly is estimated as the post-storm minus pre-storm temperature fields, and the 
shape and magnitude of the simulated anomaly is generally consistent with observed cold wakes. 
Surface Wind Stress Curl [N/m3] Surface Temperature Anomaly [C]
A. B.
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Fig 2. Monthly averaged storm counts of TCs in five tropical cyclone basins – (upper to lower) 
North Atlantic, East Pacific, Indian Ocean, South Hemisphere, and Northwest pacific. Red and 
blue curves represent results from the the low and high resolution model simulations, 
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Fig.3 Model-simulated storm tracks accumulated over 20 years in the (a) low resolution and (b) 
high resolution configurations. Modeled annually accumulated, storm-induced average sea 
surface cooling for the (c) low resolution and (d) high resolution configurations. 
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Fig.4 Temporal evolution of composite TC-induced sea surface temperature (SST) anomaly 
relative to daily climatology in the Northwest Pacific basin. The SST anomaly is averaged over a 
TC footpint domain size of 2°x2° (upper), 6°x6° (middle), and 10°x10°(lower), that moves with 
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the storms. The black curves indicate the satellite-derived observations, and  the red and blue 
curves represent the low and high resolution simulations, respectively.   
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Fig. 5 (Upper) Composite area-mean mixing depth of an individual storm day in the Northwest 
Pacific basin computed with three strategies – (from left to right) constant mixing depth of 50m, 
monthly mean climatological mixed layer depth, and varying mixing depth derived from ocean 
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potential temperature profile using reanalysis products. The averaging area is a 6°x6° grid box. 
(Lower) Annually accumulated, storm-induced average ocean heat uptake in the Northwest 
Pacific basin, computed with the three corresponding mixing depth strategies. A discrete method 
is used to account for the non-uniform mixing within the 6°x6°  averaging domain. The grey, red 
and blue bars indicate observation-based results and results from the low and high resolution 
model simulations, respectively.  
	   35	  
TABLES 	  
Table 1. Observed and modeled PDI and scaling ratio* 
Data Individual storm day 
PDI (up to category 3) 
Basin-scale PDI (up 




OBS 1.62e+09 2.58e+11 8.48e+11 0.304 
LRC 1.89e+09 1.27e+11 1.27e+11  





Table 2. Modeled and observation-based annual storm number 
Number OBS LRC HRC 
Annual storm number 
(under cat3) 
80 45.7 45.3 
Annual storm number 
(total) 
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Table 3. Surface latent heat flux, total OHC, mixing-induced OHC, and the range and standard 
deviation of OHC in the two model simulations† 
Data LRC HRC 
Latent heat exchange (J) 5.87e+20 7.10e+20 
Total OHC (J) 3.08e+21 3.57e+21 
Percentage of latent heat flux in 
total OHC  
19% 20% 
Mixing-induced OHC (J) 2.49e+21 2.86e+21 
Range of the annual OHC (PW) 0.016 ~ 0.171 0.015 ~ 0.197 
Standard deviation of the 
distribution of annual OHC 
0.043 0.051 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  †	  The	  values	  are	  before	  scaling	  with	  PDI	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APPENDIX A: TC detection and tracking algorithm 	  
 (1) On each day, locate grid points within 30° of the equator in which the maximum wind stress 
curl exceeds 2 ⋅10−6m ⋅ s−3 . 
(2) Average the wind stress curl over a 2° x 2° grid box centered on each of the location in the 
previous step. If the averaged curl exceeds 1⋅10−6m ⋅ s−3 , and if there exists a grid point within 
the 6°x 6° domain around the center, where the wind speed is larger than 15.5 m/s, then we 
classify this is a potential storm day. This step is to make sure the event occurs on a typical TC 
scale, to exclude the small scale eddies on the ocean surface. The detection criteria of the first 
storm day is more relaxed, in order to account for the weak initial stage of TC, therefore to 
extend the trajectory length. 
(3) For each detected location on the first day, an examination is performed to check if there is 
another qualified grid point on the following day located within 700 km, while no closer than 
100km (to filter out standing ocean eddies), of the previous storm center. Beginning from the 
second day, two additional conditions must be satisfied: the maximum wind speed within the 6° 
x 6° grid box exceeds 17 m/s, and the area-averaged wind speed within the 2° x 2° grid box 
exceeds 13 m/s.  
(4) Repeat the tracking procedure until the trajectory stops. A tropical cyclone is put into record 
only when the storm lasts for at least three days.  
(5) The storms are then classified according to Saffir-Simpson hurricane wind scale.  
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respectively.  Black curves indicate observation-based results only considering TC up to 
category 3 to enable direct comparison with model results (which does not simulate storm 
intensities greater than category 3).  
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APPENDIX B: Observational based TC track from 2002 to 2012 	  
 
Fig 6. (a) Accumulated trajectories of storms of intensity up to category 3 over the period of 
2002 - 2012. The tracks are from NOAA’s Storm Prediction Center and U.S. Navy’s Joint 
Typhoon Warning Center. (b) Annually accumulated, average sea surface cooling induced by 
storms corresponding to (a). 
 
 
